Objective: Human neutrophil peptides (HNPs) -1, -2 and -3 are significantly upregulated and were reported as biomarkers in gastric cancer (GC). However, the tissue location and function of HNPs 1-3 are still unclear in GC, and the spatial distribution of the triad needs to be disclosed. The aims of this study were to investigate the distribution and relationships among HNPs-1, -2 and -3, and assess whether infiltrated neutrophils accumulate in gastric tumor. Methods: In this study, paired samples (n = 33) of the GC tissues and adjacent normal tissues from the same patients were obtained from surgery. Expression of HNPs 1-3 were detected by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). The distributions of the HNPs 1-3 in GC tissues were investigated. After verification of HNPs-1 by immunohistochemistry, infiltrated neutrophils were also detected. Then, an in vitro assay was used to observe the binding capacity and measure the cytotoxic effect of HNPs-1 against AGS cells. Results: Comparing to neighboring normal tissue, expressional level of HNPs 1-3 were significantly higher and their distributions overlapped in cancerous tissues of GC patients with high abundance in the lamina propria, whereas HNPs-1 was identified as the highest major peak. Moreover, HNPs-1, -2 and -3 correlated with each other. Besides, we also observed that increased infiltrated neutrophils accumulating in GC tissues, indicating that a strong positive correlation between HNPs 1-3 and infiltrated neutrophils. In addition, the further investigated demonstrated that the major peptide, HNPs-1, was statistically increased with the advance of tumor development from the early to advanced stage of GC (p < 0.05). Moreover, we also noticed that HNPs-1 with a great binding capacity to GC AGS cells in vitro can inhibit tumor cell growth. Conclusions: Our results suggest that neutrophil secreted peptides, HNPs 1-3, increased in the GC tissues and could be used as
Introduction
Gastric cancer (GC), mostly diagnosed as gastric adenocarcinoma, is a malignant gastric epithelial tumor that originates from the glandular epithelium of the gastric mucosa. According to the current statistic data, GC is the fourth most common cancer and the second most common mortal malignancy, which causes approximately 800,000 deaths annually worldwide, especially in Asia [1] [2] [3] [4] . Early detection of GC is considered helpful for tumor treatment; thus, searching for and defining reliable biomarkers of GC coupled with improved and precise diagnostic methods are urgently needed to prevent further metastasis and enhance therapeutic success.
Gastroscopy followed by a histological examination of a biopsy specimen is still the gold standard for diagnosing GC in the clinic. However, it is invasive, time consuming, expensive, and physically unpleasant for most patients. Moreover, missed detection still commonly occurs [5] . Human neutrophil peptides (HNPs) alpha defensin 1, 2, and 3, packaged in neutrophil granules, are reported to be especially highly expressed in a variety of cancers, including metastatic colorectal cancer [6, 7] , bladder cancer [8] , renal cell carcinoma [9] , squamous cell carcinoma [10] , and breast cancer [11] . The characteristics of HNPs 1-3 in cancer tissues may be useful and applied for tumor diagnosis or therapy. However, the spatial locations and functions of HNPs-1, -2 and -3 still remain unknown in GC.
In the previous studies, it has been demonstrated that HNPs 1, 2 and 3 display an ambiguous biofunctions toward the survival of tumor cells. Under lower concentration in the growth medium, HNPs 1-3 can promote tumor cell growth; in contrast, however, they possess cytotoxicity to tumor in higher concentration [12] . Therefore, it is important to disclose the roles of HNPs 1-3 to understand their putative functions correlated with GC. Previously, Kon's group indicated that HNPs 1-3 are significantly upregulated as biomarkers of GC as discovered in gastric fluid [13] . Other studies also indicated that HNPs 1-3 have the potential role to serve as biomarkers for GC, as they are expressed in cancerous tissues using surface-enhanced laser desorption/ionization time-offlight mass spectrometry (SELDI-TOF-MS) or matrixassisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) [14, 15] . However, the spatial distributions of HNPs 1-3 are still unclear in gastric malignant tissues, and current tools are insufficient to rapidly quantify the expressional levels of HNPs 1-3 in tissues contrast to time-consuming immunohistochemistry. Moreover, we tried to investigate the binding capacity of HNPs-1 with GC cells in this study applied by a direct binding assay, followed by observations with MALDI-TOF MS and fluorescent microscopy. Further, the cytotoxic effect was also investigated using WST-1 assay.
MALDI-imaging mass spectrometry (IMS), a sophisticated, novel analytical tool, is designed to visualize the spatial distribution and determine the molecular composition of putative biomarkers [11, [15] [16] [17] [18] . MALDI-IMS is well adapted for studying smallmolecular-weight peptides or proteins ranged up to mostly 30 kDa, and the information can then be directly correlated to tissue histology [16] . Moreover, MALDI-IMS is useful for diagnosis and prognosis of patients or defining key proteins from needle or resected biopsies [16] , and enable the combination of identification and localization for biological components directly from tissues without the need for additional techniques, such as radioactive or fluorescent regents [19] . Therefore, MALDI-TOF MS and derived IMS were used here to detect the expressions of HNPs 1-3.
In this study, we hypothesized that HNPs-1, -2, and -3 are correlated with each other and overexpressed in GC tissues. Moreover, the increased level of HNPs 1-3 also implies the elevation of infiltrated neutrophils. The aim of this study was to evaluate the overexpression of HNPs 1-3 and disclose the spatial distributions of HNPs 1-3 by MALDI-IMS in GC. Moreover, we also investigated whether neutrophils accumulate in gastric tumor. On the other hand, the MALDI-TOF MS detection assay may complement existing diagnostic tools by enhancing the accuracy due to its highly sensitive and specific characters. Moreover, the determined binding capacity of HNPs-1 could be further applied to in vivo imaging diagnostic and therapeutic probes by conjugating it with a chemotherapeutic component or radioactive isotope.
Materials and methods

Clinical tissue preparation
The project was approved by the institutional review board of Taipei Medical University (no. P970302). Every matched-pair sample including tumor tissues and adjacent normal controls from individual patients was obtained by surgery, instantly frozen in liquid nitrogen, and stored at −80
• C for further investigation. Each pair of 10 µm-thick tissue sections was obtained on a cryostat (Microm HM525, Thermo Scientific) at −20
• C and deposited on indium tin oxide (ITO) coated glass slides (Delta Technologies) for the MALDI-IMS analysis or on PEN membrane glass slides for laser capture microdissection (Arcturus XT ). Subsequently consistently cut tissues were also acquired and attached on to general glass slides for methylene blue staining, immunohistochemistry, and naphthol AS-D (3-Hydroxy-2-naphthoic-o-toluidide) chloroacetate esterase staining. Tumor grades were determined according to the American Joint Commission on Cancer Staging (AJCCS) system by an experienced pathologist under microscopy (BX51, Olympus) after staining with 0.1% methylene blue for 1 min.
Matrix spotting
For the MALDI-IMS analysis, one tissue sample with stage IV and its adjacent normal control, both checked by methylene blue staining (Fig. 1A) , were selected to be spotted with the fresh sinapinic acid (SA) matrix. An automatic sprayer (Chemical Inkjet Printing, ChIP1000, Shimadzu Biotech) was used to deliver a 100-picoliter volume of matrix solution (20 mg/ml SA, 50% acetonitrile, and 0.1% trifluoroacetic acid in deionized water) onto the tissue surfaces using piezoelectric technology. The distance between the drops was set to 150 µm, and the total quantity of solution was set to 7500 picoliter by spraying 3 drops of 100 picoliter matrix solution each time. To obtain separate crystal spots on the tissue, it was necessary to wait 60,000 msec between cycles.
MALDI-TOF MS
The MALDI-TOF MS instrument (UltraFlexIII, Bruker Daltonics) was used to enforce the main processing with a standard 337-nm N 2 laser at 1000 Hz and a laser spot size of 50 µm. The instrument was operated in a positive linear mode at 26%∼28% laser power. In total, 1200 laser shots were accumulated from each deposited matrix droplet. The spectral data were base line-subtracted using Flexanalysis software and then rendered to the ClinProt platform for statistical analysis to pick the differential peaks in the MALDI-IMS analysis. The data calculated by ClinProt software was rendered to the Flexanalysis platform again for image visualization.
Immunohistochemistry
Immunohistochemistry was performed using a standard peroxidase-based staining method. Fresh tissue sections (10 µm) were dried on a heater at 37
• C and consecutively immersed in sequential 75%, 95%, and 100% ethanol for 1 min for protein fixation. Briefly, endogenous peroxidase activity was quenched with 3% hydrogen peroxide for 10 min. The antigen epitope was exposed by immersing the tissue slide in 10 mM citrate acid within boiling water for 25 min. Successive incubations with the primary goat anti-HNPs-1 antibody (PeproTech, 091CY133G) and the horseradish peroxidase (HRP)-conjugated anti-goat antibody were performed for 1 h in phosphate-buffered saline (PBS) buffer with shaking. An AEC kit (Sigma) was used for staining, following by the attached manual. Briefly, a mixed solution of 2.5 M of acetate buffer, AEC chromogen (3-amino-9ethylcarbazole) and 3% hydrogen peroxide were performed instantly and consecutively incubated with tissue slides. The image of stained slides was observed and acquired under microscopy (BX51, Olympus).
Intensity fading MS
AGS cells were cultured in 10 ml of F12K medium, which included 10% fetal bovine serum and 1% antibiotic (a mixture of 100 U/ml of penicillin and 100 µg/ml streptomycin), within a 5% CO 2 , 37
• C incubator for 48 h. AGS cells were suspended by trypsin treatment and collected by 1000-rpm centrifugation for 10 min. A series of AGS cells (cell numbers of 5 × 10 3 , 10 4 , and 2 × 10 4 ) were incubated with 1 µg of HNPs-1 for 1 h. Each mixture was centrifuged at 1000 rpm to separate the supernatants and pellets. Supernatants at 1 µl were mixed with 20 mg/ml SA at a 1:1 ratio and spotted onto a steel plate until completely dry for further analysis. On the other hand, the pellets (AGS cells) were An overview of the protein distribution within a virtual gel view of the MALDI-TOF MS analysis, which generated by obtained spectra of normal (220 spots) and tumor (460 spots) with a laser spot size of 50 µm on tissues. (C) Differential peaks on the spectral protein profile between T and NT tissues. Two peaks (m/z 5692 and 14,010) were present in the normal region of gastric specimens and two defined peaks (m/z 10,830 and 13,148) specifically existed in the cancerous region. Furthermore, three peaks (m/z 3370, 3442, and 3486) showed significantly higher intensity in the cancerous region, compared to the normal region. Each peak was labeled with a black arrow (D) The detailed spectra of the peaks at m/z 3370, 3442, and 3486 were determined to be HNPs-1, -2 and -3, respectively.
washed with PBS buffer three times, directly pipetted onto ITO slides, and transferred to a heater at 37
• C until completely dry. Each 1 µl of 20 mg/ml of SA was pipetted onto every plaque of cells three times to acquire adequate protein-matrix crystals and to extract sufficient tissue proteins on the surface. The operating conditions of MALDI-TOF MS were the same as those of MALDI-IMS previously described.
In vitro binding assay
AGS cells were cultured as previously described to acquire an adequate amount of cells in an eight-well chamber slide, subsequently fixed on a heater at 37
• C, and immersed in an ethanol series at 75%, 90%, and 100% individually for 1 min. Fixed cells were incubated with 50 µg/ml of HNPs-1 for 1 h. The goat anti-HNPs-1 antibody and fluorescein isothiocyanate (FITC)-conjugated anti-goat antibody were then sequentially added and reacted for 1 h. Between each reaction procedure, washing by PBS buffer was necessary. Images were acquired under visible white light and adequate fluorescent wavelength (excitation: 490 nm; emission: 520 nm) of microscopy (BX51, Olympus). Meanwhile, the control was processed by the same procedure except HNPs-1 incubation.
WST-1 assay
The WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) (Takara) assay was used to observe the cytotoxicity of HNPs-1 and cell proliferation after incubation for 48 h. The detection processes followed the attached instructions. Each well of a 96-well microplate contained 2 × 10 4 cells in 200 µl of culture medium, and there were at least six replicates. A dose-dependent manner was performed and the concentrations of added HNPs-1 were 10, 50, and 100 µg/ml. Meanwhile, the positive and negative controls used 2% Triton X-100 and no addition, respectively.
Statistical analysis
The statistical software SPSS was used to calculate the significance according to Student's t-test. The significance (p value) was acceptable at < 0.05. The coefficient of variation (CV) was defined as the standard deviation to mean.
Results
Detection of HNPs 1-3 by MALDI-IMS
First, we intended to detect the expressions and distributions of HNPs 1-3 using MALDI-IMS. Each pair of GC tissues from the same patients was stained by methylene to individually determine normal and cancerous tissues (Fig. 1A) . MALDI-TOF MS-derived technology, MALDI-IMS, was used to detect the protein signal and also observe the spatial distributions and co-localizations of HNPs-1, -2 and -3 in clinical tissues. The detection mass spectrum ranged 2 ∼ 20 kDa due to the limitation of the low resolution in high-mass capture (> 20 kDa) with MALDI-TOF MS. A representative proteomic map is shown by a gel view of the mass spectrum in Fig. 1B . Two peaks (m/z 5692 and 14,010) and five peaks (m/z 3370, 3442, 3486, 10,830 and 13,148), indicated by arrows, individually increased or decreased in tumorous tissues compared to the normal controls (Fig. 1C) . According to our aim, HNPs 1-3 were the major items observed in the experimental process. The results showed that HNPs 1-3 (m/z 3370, 3442 and 3486) were apparently overexpressed in GC tissues; by contrast, lower signals appeared in normal gastric tissues (Fig. 1C, D) . Among the triad, HNPs-1 was always the major peak, and HNPs-3 was consistently the minor peak. This phenomenon was also reported by Lundy's group using a MALDI-IMS approach to detect the HNPs 1-3 in gingival crevicular fluid [20] . Furthermore, by selecting their specific molecular masses, the imaging data showed that HNPs 1-3 were co-locatlized on the same tissue positions (all p < 0.01 in ClinProt, Fig. 2A ).
Verification of the overexpressions of HNPs 1-3
We further investigated 33 other pairs of GC tissues (Table 1) to validate the expression of HNPs 1-3 and was determined, and a standard curve was calculated and completed ( Fig S1A and B , r 2 = 0.98, CV inter = 18% and CV intra = 16% as HNPs-1 at 0.5 g/L) which demonstrated that MALDI-TOF MS can be used for qualitative analysis of HNPs 1-3. On the other hand, in order to ensure the quantification of HNPs 1-3 by MALDI-TOF MS in the tissue of gastric cancer, we measured the levels of external HNPs-1 at 0 ∼ 1000 mg/L (Fig. S1C) . The result showed that the linear dynamic range of HNPs-1 in real tissues can be three orders of magnitude (Fig. S1D , r 2 = 0.99, CV inter = 11% and CV intra = 9% as HNPs-1 at 1000 mg/L) from 0.07 to 4.33 of HNPs-1 to sum of peaks, indicating quantification of HNPs-1 using MALDI-TOF MS was feasible due to the highest ratio in the stage IV of gastric cancer was 0.20 ± 0.04 (Fig. 2F) .
MALDI-TOF MS results showed that HNPs 1-3 demonstrated significant differences in abundances in cancerous tissues compared to normal tissues (Fig. 2E ) consistent with the investigation by MALDI-IMS. The CV inter and CV intra values of MALDI-TOF used in the clinical tissues analysis were 18% and 5%, respectively. HNPs-1, -2 and -3 were positively correlated with each other (Fig. 2B -D, all p < 0.0001), implying that HNPs 1-3 were deposited at the same position. Then we selected the major peak, HNPs-1, for further investigation. We determined that the overexpressed HNPs-1 gradually increased from the early to advanced tumor stage not only in the proportion of tumors to non-tumors (Table 1 ) but also at the expression level (p < 0.05, Fig. 2F ).
Immunohistochemistry was also used to verify the expression of HNPs-1 in the GC tissues. One pair of GC tissues was stained with methylene blue (Fig. 3,  upper panel) to determine the pathological condition before immunohistochemistry. Consequentially another pair of tissue sections was determined by immunohistochemistry to detect the expression and position of HNPs-1. The results demonstrated that HNPs-1 appeared in the cancerous tissue, and was upregulated compared to that in normal control, and abundantly presented in the lamina propria (Fig. 3B , middle panel). Next, we used laser capture microdissection to separate and obtain tissues of the gastric gland and lamina propria from cancerous tissues in order to confirm the expression of HNPs-1 in the lamina propria, and immediately analyzed the captured sections using MALDI-TOF MS to observe the expression of HNPs-1. The results revealed that HNPs-1 more abundantly appeared in the lamina propria than that in the gastric gland (Fig. S2B). 
Neutrophil accumulation in GC tissues
We proposed that the increased HNPs 1-3 may direct the accumulation of infiltrated neutrophils in tumors. In order to observe the accumulation of neutrophils in GC tissues, we performed naphthol AS-D chloroacetate esterase staining. We observed that the infiltrated neutrophils accumulated in cancerous tissues more than that in normal tissue (Fig. 3, lower panel) , supporting neutrophils specifically appearing in tumor tissues. The same pair of tissue samples was also investigated by MALDI-TOF MS, which demonstrated that neutrophil-secreted peptides, HNPs 1-3 (m/z 3370, 3442, and 3486), were overexpressed in tumor tissues more than in normal tissues, indicating that the overexpressions of HNPs 1-3 were correlated with elevated neutrophils.
Role of HNPs-1 in GC
In order to reveal the function of HNPs-1, an in vitro binding assay was used to determine the binding capacity of HNPs-1 with the GC cell line, AGS, including intensity-fading MS and an immunofluorescent assay. The intensity-fading MS assay was first designed to observe the protein-protein interactions, which showed that HNPs-1 could directly interact with AGS cells without being retained in the supernatant (Fig. 4A) . Moreover, the spectrum intensity increased from a low to high amount of AGS cells, which indicated that only a sufficient accumulation of HNPs-1 could be detected by this approach. On the other hand, the control without adding HNPs-1 for binding could not detect the HNPs-1 signal. The result demonstrates that AGS cells do not secrete HNPs-1 or only secrete an extremely small amount of HNPs-1 which is insufficient for detection by MALDI-TOF MS. Next, an in vitro binding assay in tandem with an immunofluorescent assay allowed us to directly observe the binding phenomenon under a microscope. This result indicated that the fluorescent signal obviously appeared on the surface of AGS cells more than the control to which no external HNPs-1 was added (Fig. 4B) . Moreover, the control image also demonstrated that AGS cancer cells did not directly secrete HNPs-1. By further investigating whether the antibacterial peptide, HNPs-1, has the same function in tumor cells, the inhibitory capacity of HNPs-1 was investigated in a dose dependent manner. Figure 5A shows that HNPs-1 inhibited AGS cell growth in vitro in a dose-dependent manner, and lysed some tumor cells (data not shown), indicating that HNPs-1 had a cytotoxic effect on AGS cells. Moreover, we specified the inhibitory ability of HNPs-1 to AGS cells. Normal cell, gastric smooth muscle cells (SMCs), were used, and 100 µg/ml of HNPs-1 caused minimal effects on SMCs compared to AGS cells (Fig. 5B) , revealing that HNPs-1 exhibited specific inhibition toward AGS cells.
Discussion
This study identifies the expressions of HNPs 1-3 in GC tissues on the same position correlated with each other as upregulated biomarkers; moreover, elevated neutrophils were also observed. To our knowledge, HNPs 1-3 are single-chain cationic peptides that were discovered to play critical roles in polymorphonuclear leukocytes as antimicrobial components. A recent report showed that HNPs 1-3 are overexpressed in many solid tumors as cancer biomarkers,and also have the potential to trigger cell death as antitumor molecules [12] . In this study, we verified that the HNPs 1-3 were correlated and had the potential to serve as diagnostic tissue targets in GC patients. Moreover, the overlapping character implies that this triad has common biological functions in cancerous tissues and indicates the elevation of infiltrated neutrophils.
A previous study have showed that HNPs 1-3 are significantly increased in gastric fluid of GC patients [13] . On the other hand, Isomoto and coworkers indicated that HNPs 1-3 were associated with Helicobacter pylori infection [21] . Therefore, HNPs 1-3 may increase due to elevated neutrophils which are recruited to infectious tissues. Chronic inflammation is associated with cancer development [22] . Recently, tumor-associated neutrophils were reported to participate in tumor promotion, progression, and metastasis [23, 24] . Previous reports showed that a high neutrophil-lymphocyte ratio in the clinic can be used as a biomarker to predict poor prognoses of various cancers [21, [25] [26] [27] , indicating that the inflammatory situation in patients with a tumor may recruit neutrophils and lead to a poor prognosis. Herein, we demonstrated that neutrophils positively accumulated in GC tissues and may be used as a target for a diagnosis. Therefore, targeting neutrophils may be helpful for tumor diagnosis and therapy. A recent study showed that using a CXCR2-specific antagonist could reduce tumor growth in lung adenocarcinomas by blocking neutrophil recruitment [28] . Based on our research in this study, HNPs 1-3 combined with MALDI-TOF MS can be used to rapidly detect infiltrated neutrophils in biopsy specimens to determine a therapeutic strategy, such as using a neutrophil-specific inhibitor. Moreover, an inflammatory imaging agent, such as cFLFLFK-PEG-64Cu, used to target neutrophils can specifically be used for tumor imaging [29] .
With detection of HNPs-1 by MALDI-TOF MS, we found that overexpressions of HNPs 1-3 were associated with the tumor stage (Table 1, Fig. 2F ). The functions of HNPs 1-3 appearing in cancerous tissues urgently need to be revealed. Originally HNPs 1-3 were believed to play substantial roles in innate immunity against bacterial, fungal, and viral pathogens. In this study, we directly utilized an in vitro binding assay to discover the putative function of HNPs-1. We found that HNPs-1 could bind to the surface of AGS cells, and influenced the growth of AGS cells in vitro. These primary results demonstrate that HNPs-1 has the potential to serve as a targeting probe and an antitumor molecule. Although the cytotoxic effects were discovered in other cancers [30] [31] [32] , this is the first study to demonstrate that HNPs-1 is associated with the cell growth of GC. The real functions of HNPs 1-3 stimulate deep thought. Lundy's group indicated that the upregulation of HNPs 1-3 may primarily be produced from tumor-infiltrating immune cells, including neutrophils [10] . In this study, we found that HNPs 1-3 were abundantly located in the lamina propria of cancerous tissues compared to the gastric gland, implying that neutrophils may assemble in GC tissues and secrete HNPs 1-3. HNPs-1 probably inhibits angiogenesis by affecting cell proliferation, adhesion, and migration [12] . In an in vivo study of nude mice with human lung adenocarcinoma xenografts, Xu and coworkers indicated that intracellular HNPs-1 induced tumor cell apoptosis and inhibited tumor growth [33] . In our case, we treated AGS cells by adding 50 or 100 µg/ml HNPs-1 for 48 h, and the results showed that both treatments inhibited cell growth. However, presently the multiple functions of HNPs-1-3 need to be revealed depending on the protein concentration as opposite functions to exert cytotoxic effects [34] or increase cell proliferation, motility and invasiveness [8] . Moreover, the mechanism by which GC cells accumulate and the receptor they interact with HNPs 1-3 are a matter of speculation.
Conclusions
Overexpressed HNPs 1-3 were found in the cancerous tissues in this present study, which directed elevated neutrophils. HNPs 1-3 are considered to be potentially significant biomarkers for the diagnosis and surveillance of GC. This study identified the co-localization and correlation of HNPs 1-3 with high abundance in the lamina propria of tumors, and determined the binding capacity with GC cells in vitro. Our results suggest that HNPs 1-3 and neutrophils can be used as diagnostic targets and even as therapeutic drugs to develop noninvasive diagnostic tools and improve the survival rate in GC patients.
